Introduction
============

Lipases (triacylglycerol acylhydrolases EC. 3.1.1.3) are enzymes that typically catalyze the hydrolysis of long-chain triacylglycerols by their action at oil-water interface. In addition to this hydrolytic reaction, they also catalyze reverse reactions of esterification, transesterification, and interesterification in non-aqueous environments. Substrate, stereo-, regio-and enantio-specificities, and chiral selectivity are certain unique attributes of lipases that make them industrially attractive. These properties are often exploited in the manufacturing of detergent formulations, synthesis of fine chemicals, pharmaceuticals, useful esters and peptides, food processing, paper manufacturing, degreasing of leather as well as in bioremediation ([@B7]).

*Bacillus* sp., a family of Gram-positive bacteria, has been extensively investigated and used in a number of fields ([@B8]; [@B25]). Several members of this genus are nonpathogenic and easy to cultivate; they secrete key extracellular hydrolytic enzymes such as proteases, amylases, and lipases with remarkable thermostability and alkaline stability. Of particular significance are the lipases, which attract a great deal of attention owing to their unique protein sequences and rare biochemical properties ([@B4]; [@B19]).

Lipases have been purified and characterized from a number of *Bacillus* spp. including *B. subtilis, B. coagulans, B. licheniformis, B. stearothermophilus, B. thermoleovorans*, and *B. cereus* ([@B3]; [@B5]; [@B10]; [@B12]; [@B14]; [@B19]). Lipase-encoding genes from these species have also been cloned, sequenced and expressed in heterologous hosts ([@B18]; [@B21]; [@B24]). Of these, *B. subtilis* has been the most intensely investigated source. Unlike the aforementioned species, the lipolytic activity of *B. amyloliquefaciens* has not been well reported, and hence this organism was chosen for cloning and expression studies. One drawback in the large-scale utilization of *Bacillus* lipases is their low level of expression, a limitation that could be overcome by employing recombinant DNA technology.

In this study, a novel lipolytic strain *B. amyloliquefaciens* PS-35 was used. Genomic DNA library of PS-35 was constructed in pUC18, which was used to transform *Escherichia coli* DH5αcells. The transformed cells were screened for lipase activity and the best lipase-producing clone was sequenced and analyzed. The recombinant lipase was purified and its properties were deduced, targeting key industrial applications of the enzyme.

Materials and Methods
=====================

Chemicals
---------

All used chemicals were of analytical, molecular biology, or chromatographic grades as required. EcoR1, T4 DNA ligase, molecular weight markers, and Coomassie Brilliant Blue R-250 were from Aristogene Biosciences, India. Phenyl Sepharose CL-4B and Phosphocellulose PC-11 were from GE Life Sciences, UK. *p*-Nitrophenyl palmitate (*p*-NPP) and bovine serum albumin were from Sigma Chemicals, USA. All bacteriological media were sourced from Hi-Media, India.

Bacterial strains, plasmids, and culture media
----------------------------------------------

A novel strain of *B. amyloliquefaciens* designated as PS-35, which was previously isolated in our lab from poultry slaughterhouse effluent, possessing well-established lipase activity, and identified by 16S rRNA gene sequencing (GenBank Accession No. KJ000043), was used in the study. It was cultured at 35 °C in oil-supplemented glucose-yeast extract-peptone broth containing (per L) 20 g glucose, 10 g yeast extract, 10 g peptone, and 20 mL olive oil. Plasmid pUC18 was used as the cloning and expression vector. *E. coli* strain DH5αcells, cultivated at 37 °C in Luria-Bertani (LB) broth containing (per L) 10 g tryptone, 5 g yeast extract, and 10 g NaCl, were used as gene cloning and expression systems.

Cloning, expression, and sequencing of the lipase-encoding gene
---------------------------------------------------------------

### Construction of PS-35 genomic DNA library in pUC18

Isolation and purification of genomic and plasmid DNA, ligation, transformation, screening, and all other genetic manipulations were carried out according to the protocols suggested by [@B22]) and [@B23]). For preparation of the insert DNA, genomic DNA was isolated from overnight grown culture of PS-35 according to phenol-chloroform extraction protocol. It was digested with the restriction endonuclease EcoR1 and run on 0.8% agarose gel, and DNA fragments in 2-3 kb range were cut carefully from the gel and purified by the silica method. The pUC18 plasmid vector containing a unique EcoR1 site was prepared using the alkaline lysis method, digested, dephosphorylated with calf intestinal alkaline phosphatase, run on the agarose gel, and purified. The digested pUC18 DNA was then ligated with fragments of PS-35 genomic DNA using T4 DNA ligase.

### Transformation of E. coli DH5α cells

*E. coli* DH5αcells were made competent by treatment with CaCl2, and the ligated mix was used for transformation of the cells. The cells were transferred on LB-AMP plates containing 100 mg/L of ampicillin (AMP), the inducer isopropyl thiogalactoside, and the substrate μ-D-galactoside to screen the transformants. Plasmids were isolated from the transformed colonies and run on the agarose gel along with control, and retardation checks were performed to observe the mobility difference. Finally, the clones were subjected to restriction digestion with EcoR1 and checked for insert release as a part of the clone confirmation.

### Screening for lipase gene expression

Since the expression of *Bacillus* lipase in *E. coli* may or may not be extracellular, all the transformed colonies were screened by checking extracellular as well as intracellular lipase activity using tributyrin agar (TBA) plates. Each of the transformed colonies were grown for 48 h in LB broth and the cells were harvested by centrifugation at 6000 x*g* for 10 min. The supernatant was used as the extracellular extract, and the pellet, upon sonication, was used as the intracellular extract. The extract, 50 μL, was added to wells cut in TBA plates and zones of clearance were observed.

### Sequencing and analysis of the lipase-encoding gene

The best lipase producing clone was chosen for DNA isolation and purification. It was sequenced using M13 primers in an ABI prism 3100 Genetic Analyzer (Applied Biosystem). The forward and reverse sequences were aligned using ClustalX 1.83 and submitted to the NCBI Genbank database. The nucleotide sequence was converted to the corresponding peptide sequence (EMBOSS Transeq), and Protein Blast was used to perform sequence similarity searches in the NCBI protein database. The closest matches were considered, and the phylogenetic tree was constructed using the neighbor-joining method ([@B11]). Smith-Waterman algorithm was used to calculate the local alignment with other lipase sequences in the database. EMBOSS Pepstats program was applied to calculate the molecular weight and isoelectric point for the predicted peptide.

### Purification of the recombinant lipase from E. coli

The LB medium was inoculated with 2% (v/v) seed culture of the *E. coli* clone (overnight grown, cell density 32×10^6^ cfu/mL) and cultivated for 48 h at 37 °C. The cells were harvested by centrifugation and the intracellular lipase was released by sonication. It was purified using the Phenyl Sepharose CL-4B matrix. The column was equilibrated with 10 mM potassium-phosphate buffer pH 7.4, containing 1 mM ethylene diamine tetra acetic acid (EDTA), 1 M (NH~4~)~2~SO~4~, and 7 mM 2-mercaptoethanol. The sample was loaded, the column was washed, and then step elution was performed using a buffer containing decreasing salt concentrations (0.6, 0.3, and 0 M). About 2 mL fractions were collected and assayed for lipase activity using TBA plate assay and *p*-NPP spectrophotometric assay ([@B26]).

The substrate solution for *p*-NPP assay was prepared by adding solution A (30 mg of *p*-NPP in 10 mL of isopropanol) into solution B (0.1 g acacia gum and 100 mL phosphate buffer, pH 7). The reaction mixture containing 1.0 mL of the substrate solution and 0.3 mL of lipase enzyme was incubated at 30 °C for 15 min. Triton X-100 (50 μL) was added at the end of the reaction to obtain a clear solution. The absorbance was measured using a spectrophotometer (Shimadzu, UV-1800) at 410 nm, against an enzyme-free blank. The molar extinction coefficient 0.0146 μM^-1^cm^-1^ was used. One unit of lipase activity is defined as micromoles of *p*-nitrophenol released per minute under the assay conditions. All activity assays were performed in triplicates, and the values given represent the mean.

The pooled fractions obtained from the CL-4B column were applied onto ion exchange column packed with phosphocellulose PC-11. This column was equilibrated using 10 mM phosphate buffer pH 7.4, containing 1 mM EDTA, 50 mM KCl, and 7 mM 2-mercaptoethanol. The sample was loaded, and after washing the column, it was eluted using a gradient of low to high salt buffer (equilibration buffer containing 0-1.0 M KCl). The fractions were assayed for lipase activity as described earlier. The samples obtained from each stage of the purification process were also subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on a 12% separating gel ([@B13]) to check the purity and to estimate the molecular weight. The protein bands were visualized by Coomassie Brilliant Blue R-250 staining.

Characterization of the recombinant lipase
------------------------------------------

### Effect of pH on the lipase activity and stability

The effect of reaction pH on the activity of recombinant PS-35 lipase was inferred by performing the enzyme assay at different pH values (5-10). pH stability of the enzyme was assessed by preincubating the enzyme for 1 h in buffers having a pH range of 6-10. Citrate, phosphate, and Tris-HCl buffers (100 mM) were used for the acidic, neutral, and alkaline ranges, respectively. The residual activity was then checked under standard assay conditions.

### Effect of temperature on the lipase activity, thermostability, and half-life

The effect of reaction temperature on the activity of recombinant PS-35 lipase was inferred by performing the enzyme assay at different temperatures (20 °C-60 °C). Thermostability was studied by preincubating the enzyme at temperatures ranging from 40 °C to 80 °C for 1 h and assaying the residual activity as mentioned earlier. The half-life of the enzyme was determined by incubating the sample at 50, 60, and 70 °C and assaying the residual activity at regular intervals for up to 6 h.

### Effect of metal ions on the lipase activity

Salts of K^+^, Fe^3+^, Hg^2+^, Mg^2+^, Al^3+^, Co^2+^, Mn^2+^, Zn^2+^, and Na^+^ were separately added to the assay mixture at final concentrations of 1.0 and 5.0 mM, and the enzyme activity was monitored under standard conditions.

### Effect of organic solvents and chemical modifiers on the lipase activity

The organic solvents, such as ethanol, methanol, *n*-hexane, and toluene, were individually added to the reaction mixture at concentrations of 10%, 20%, and 30% v/v, and the lipase activity was determined under standard assay conditions. Various chemical modifiers such as diethyl pyrocarbonate (DEPC), phenyl methane sulfonyl fluoride (PMSF), EDTA, dithiothreitol (DTT), and SDS were added at concentrations of 2, 5 and 10 mM to the enzyme sample, and the assay was performed under standard conditions. The sample without any additives was taken as control.

### Determination of Michaelis-Menten kinetics

The kinetic parameters *K* ~m~ and *V* ~max~ were determined using the Lineweaver-Burk plot, by varying the concentration of the *p*-NPP substrate from 3.0 to 24.0 mM.

### Substrate preference of lipase

The ability of the enzyme to cleave other p-nitrophenyl esters, such as p-nitrophenyl laurate, p-nitrophenyl caprylate, p-nitrophenyl formate, and p-nitrophenyl acetate, was compared with *p*-NPP, and the relative activities were calculated. These substrates were added at a concentration of 20 mM.

Results and Discussion
======================

Cloning, expression, and sequencing of the lipase-encoding gene
---------------------------------------------------------------

In TBA plate assay, among cultures of the transformed colonies screened for lipase activity, clones 4 and 16 showed clearance zones, and the zone of clone 4 was most prominent (result not shown). These cultures were thus taken as positive for lipase activity. Quantification of enzyme activity of the clones using *p*-NPP assay resulted in 30.21 and 09.86 U/mL of lipase activities for clones 4 and 6, respectively. This activity is higher than that reported in the literature for several *Bacillus* spp., whose wild-type strains generally display lower activity ([@B12]; [@B19]). This clone, therefore, was selected for sequencing.

Sequence analysis
-----------------

The nucleotide sequence of the lipase gene was submitted to the NCBI Genbank database (accession no. KM225297). The sequence codes for a 214 amino acid long peptide (accession no. AIW00097.1). The protein sequence, upon blastp search, revealed strong similarity (up to 98%) to other sequences in the database. The dendrogram depicting sequence relationship between PS-35 lipase expressed in clone 4 (henceforth referred to as C-4 lipase) and other lipase sequences in the database is given in [Figure 1](#f1){ref-type="fig"}.

![Phylogenetic tree of C-4 lipase. M13 primers were used for nucleotide sequencing, and the forward and reverse sequences were aligned using ClustalX 1.83. Emboss Transeq was used to convert it to the corresponding peptide sequence, and Blastp was performed. The neighbor-joining method was used for construction of the phylogenetic tree.](1678-4405-bjm-46-04-1235-gf01){#f1}

Bacterial lipases have been classified into families 1-6 ([@B9]). Family 1 has been subclassified into six families; *Bacillus* lipases belong to either subfamily 1.4 or 1.5 based on similarities of nucleotide sequences and molecular weight. Subfamily 1.4 comprises of lipases from mesophilic, low molecular weight *Bacillus* spp., which share a high degree of sequence homology. Furthermore, in subfamily 1.4, the pentapeptide sequence Gly-X-Ser-X-Gly flanking the catalytic serine residue is replaced by the Ala-X-Ser-X-Gly. This conserved motif was also observed in our lipase.

Aligning the peptide sequence of C-4 lipase with a triacylglycerol lipase (accession no. WP_015239095.1) in the database showed 98.1% identity, 98.6% similarity, and 0% gaps. The alignment between these two sequences is shown in [Figure 2](#f2){ref-type="fig"}. It could be observed that C-4 lipase displays amino acid differences from the closest matching database sequence at positions 70, 90, 164 and 195, where the Y, N, S, and N residues have been replaced with A, T, A, and M, respectively. These variations in the primary structure of the enzyme may result in conformational changes, which in turn may reflect on its functions, though this aspect warrants further study. The molecular weight of the predicted peptide was calculated to be 22.6 kDa and the isoelectric point to be 10.27. The peptide showed 0.947 improbability of being expressed in inclusion bodies.

![Pairwise sequence alignment of C-4 lipase (AIW00097.1). The closest matching database sequence (WP_015239095.1) was used to obtain the alignment. The conserved lipase motifs and the regions of mismatch between the two sequences are highlighted.](1678-4405-bjm-46-04-1235-gf02){#f2}

Purification of recombinant lipase from E. coli
-----------------------------------------------

SDS-PAGE of crude and purified lipase preparations is presented in [Figure 3](#f3){ref-type="fig"}. The monomeric lipase appeared as single band around 29 kDa. Similarly, the purified recombinant *B. licheniformis* lipase appeared as a single band around 25 kDa ([@B18]). Comparable molecular weights have also been reported from other studies. For instance, a recombinant *B. subtilis* lipase had demonstrated the band of 24 kDa ([@B15]). The purification chart for the recombinant lipase is summarized in [Table 1](#t1){ref-type="table"}. The lipase was purified 19.41-fold with a yield of 9.7%. In an earlier study, a recombinant *B. subtilis* lipase was purified approximately 19.7-fold by employing ion exchange and gel filtration chromatography([@B15]).

![SDS-PAGE of crude and purified lipase preparations. Lane M: molecular weight markers, 1 and 2: crude samples, 3 and 4: load samples, 5 and 6: purified lipase (pool I) from the phosphocellulose column, 30 and 50 μL samples.](1678-4405-bjm-46-04-1235-gf03){#f3}

###### Purification chart for the recombinant lipase C-4.

  Sample    Total volume (mL)   Total protein (mg)   Lipase activity (U)   Specific activity   Fold purification   Yield (%)
  --------- ------------------- -------------------- --------------------- ------------------- ------------------- -----------
  Crude\*   100                 10                   240                   24                  1                   100
  CL-4B\*   4                   0.4                  54.6                  136.5               5.68                22.75
  PC-11\*   1.2                 0.05                 23.3                  466                 19.41               9.7

Crude: intracellular enzyme extract after sonication; CL-4B: pooled active fractions from the Phenyl Sepharose column; PC-11: pooled active fractions from the phosphocellulose column.

Characterization of the recombinant lipase
------------------------------------------

### Effect of pH on the lipase activity and stability

Optimum C-4 lipase activity was observed at pH 8.0, which was 28.81 U/mL ([Figure 4](#f4){ref-type="fig"}). Considerable residual activity was observed in the pH range of 6.5-8.5, which dropped drastically beyond the range. The enzyme showed maximum stability at pH up to 8.0. After that, there was slight loss of the activity, which reduced to 33% upon exposure to pH 10 ([Figure 4](#f4){ref-type="fig"}). A recombinant *B. subtilis* lipase had shown an optimum pH of 8.5 and considerable stability in the range of 6.5-10.0 ([@B20]).

![Effect of pH on the lipase activity and stability. Citrate, phosphate, and Tris-HCl buffers (100 mM) were used for the acidic, neutral, and alkaline ranges, respectively. The residual activity was checked under standard assay conditions of 30 °C and 15 min incubation.](1678-4405-bjm-46-04-1235-gf04){#f4}

### Effect of temperature on the lipase activity, thermostability, and half-life

The maximum activity of 29.13 U/mL was observed at an assay temperature of 40 °C ([Figure 5](#f5){ref-type="fig"}). The activity was reasonably maintained up to a temperature of 50 °C, but above that it decreased to 5 U/mL. Preincubation of the enzyme at temperatures greater than the optimal temperature led to the loss of enzyme activity. More than 50% of the activity was lost at temperatures above 55 °C ([Figure 5](#f5){ref-type="fig"}). The recombinant lipase from *B. subtilis* displayed maximum activity at 43 °C with loss of stability at temperatures above 45 °C ([@B15]). The half-lives of C-4 lipase were 2.0, 1.0, and 0.5 h at 50 °C, 60 °C, and 70 °C, respectively ([Figure 6](#f6){ref-type="fig"}). *B. coagulans* BTS-3 lipase had been reported to possess half-lives of 2.0 and 0.5 h at 55 °C and 60 °C, respectively ([@B12]).

![Effect of temperature on the lipase activity and stability.](1678-4405-bjm-46-04-1235-gf05){#f5}

![Half-life of lipase.](1678-4405-bjm-46-04-1235-gf06){#f6}

### Effect of metal ions on the lipase activity

Metal ions showed variable effects on the activity of C-4 lipase, with only marginal enhancement or inhibition in most cases at a concentration of 1.0 mM ([Table 2](#t2){ref-type="table"}). K^+^ and Fe^3+^ ions (5.0 mM) resulted in 42% and 28% increase in the activity, respectively. Mg^2+^, Mn^2+^, Zn^2+^, Na^+^, and even Ca^2+^ boosted the enzyme activity at a very low level. Al^3+^ and Hg^2+^ significantly inhibited enzyme activity (79% and 58% residual activity), especially at higher concentrations. Lipase from *B. subtilis* NS-8 showed slight enhancement in activity upon treatment with Mg^2+^, no significant change in the presence of Ca^2+^, and marked inhibition in the presence of other metal ions ([@B19]). Interestingly, we did not observe any effect of Ca^2+^ on the lipase activity, though most of the other lipases showed enhancement in the activity in the presence of Ca^2+^ ions ([@B17]).

###### Effect of metal ions on the lipase activity.

  Metal ions   Relative activity (%)   
  ------------ ----------------------- -----
  K^+^         123                     142
  Fe^3+^       112                     128
  Hg^2+^       86                      58
  Mg^2+^       103                     109
  Al^3+^       94                      79
  Ca^2+^       101                     103
  Mn^2+^       106                     112
  Zn^2+^       108                     124
  Na^+^        101                     104

### Effect of organic solvents and chemical modifiers on the lipase activity

Various organic solvents affected the activity of C-4 lipase ([Table 3](#t3){ref-type="table"}). The catalytic activity was retained or slightly augmented in the presence of water-immiscible organic solvents. *n*-Hexane and toluene resulted in 32% and 28% increase in the activity at a concentration of 30%. The water miscible solvents, particularly methanol, hampered the enzyme activity (58% residual activity) at higher concentrations. Contrary to our observation, a recombinant *Bacillus thermocatenulatus* BTL2 lipase was inhibited by the organic solvents, such as methanol, acetone, and 2-propanol, at the same 30% concentration ([@B20]).

###### Effect of organic solvents and chemical modifiers on the lipase activity.

  Additives (organic solvents/chemical modifiers\*)   Relative activity (%)          
  --------------------------------------------------- ----------------------- ------ -------
  Ethanol                                             91                      83     69
  Methanol                                            85                      72     58
  n-hexane                                            112                     123    132
  Toluene                                             109                     118    128
                                                      2 mM                    5 mM   10 mM
  DTT                                                 102                     108    112
  SDS                                                 78                      56     35
  EDTA                                                65                      42     25
  DEPC                                                92                      83     76
  PMSF                                                83                      68     43

The chemical modifiers used were diethyl pyrocarbonate (DEPC), phenyl methane sulfonyl fluoride (PMSF), ethylene diamine tetra acetic acid (EDTA), dithiothreitol (DTT), and sodium dodecyl sulfate (SDS).

Among the tested chemical modifiers ([Table 3](#t3){ref-type="table"}), DTT alone did not show any inhibitory effect and in fact stimulated the enzyme activity slightly. All other compounds (SDS, EDTA, DEPC, and PMSF) inhibited the activity to varying extents. The residual activity was always greater than 50% when these compounds were present at low concentrations. A more pronounced loss of activity was witnessed at high concentrations, with EDTA leading to 75% activity inhibition at 10 mM concentration. A thermophilic lipase from *Bacillus* sp. showed retention of activity in the presence of DTT. The residual activity upon treatments with 100 mM PMSF and EDTA was 35.1% and 36.8%, respectively ([@B17]). Lipase from *Aneurinibacillus thermoaerophilus* HZ showed 41% residual activity in the presence of PMSF, 53% in the presence of DTT, and 73% in the presence of EDTA. All compounds were studied at a concentration of 5 mM ([@B16]).

### Determination of Michaelis-Menten kinetics

The kinetic parameters *K* ~m~ and *V* ~max~ of the purified recombinant lipase were determined as 4.345 mM and 38.46 μM/mg/min, respectively, from the Lineweaver Burk plot (not shown). The lipase from *B. licheniformis* showed *K* ~m~ 29 mM and *V* ~max~ 0.64 mM/mg/min ([@B3]).

### Substrate specificity of the lipase

C-4 lipase showed a preference for long-chain *p*-nitrophenyl esters. The activity was maximum for *p*-NPP (C-16) followed by *p*-NPL (C-12). It showed only lesser hydrolytic ability toward the short-chain esters ([Figure 7](#f7){ref-type="fig"}). This proves that the enzyme is a true lipase and acts at the oil-water interface of water-insoluble long-chain fatty acid esters ([@B2]; [@B6]). The lipase from *B.coagulans* BTS-3 also showed a similar preference ([@B12]). In contrast, an esterase from thermophilic *Bacillus* sp. showed no hydrolytic activity toward *p*-NPP and only negligible activity toward *p*-NPL ([@B1]), thereby highlighting the difference between esterases and true lipases.

![Substrate specificity of the lipase. The substrates used were *p*-nitrophenyl palmitate (*p*-NPP), *p*-nitrophenyl laurate (*p*-NPL), *p*-nitrophenyl caprylate (*p*-NPC), *p*-nitrophenyl formate (*p*-NPF), and *p*-nitrophenyl acetate (*p*-NPA).](1678-4405-bjm-46-04-1235-gf07){#f7}

Conclusions
===========

This study has addressed a novel lipase enzyme and encoding gene from the bacterium *B. amyloliquefaciens.* As per the best of our knowledge, there is no earlier report on the lipase, particularly at molecular level, from this bacterial source. The lipase gene from strain PS35 has been cloned and expressed in *E. coli* DH5αcells. The predicted peptide showed strong identity with other lipases; though certain key amino acids were found to be substituted in comparison with other lipases in the NCBI protein database. This aspect needs further investigation. The recombinant protein is successfully purified and molecular weight is determined. The enzyme works best under mesophilic and mild alkaline conditions. It has also exhibited good tolerance to nonpolar organic solvents, a characteristic that is of significance in catalyzing synthetic reactions in water-restricted environments. Other attractive properties of the enzyme include stability in the presence of chemical modifiers such as DTT and certain metal ions. These findings indicate that the enzyme offers scope for a wide range of industrial applications including biodiesel production and polymer synthesis, which could be explored in further studies.
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